Background: Epoxyeicosatrienoic acids (EETs) regulate sodium excretion in the distal nephron. Results: Lack of a Cyp2c44 epoxygenase blunts the ERK1/2-mediated inhibition of ENaC and causes salt-sensitive hypertension. Conclusion: Cyp2c44 is the epoxygenase responsible for the synthesis of natriuretic EETs during increased salt intake. Significance: Roles for the human CYP2C8 and CYP2C9 epoxygenases as antihypertensive therapeutic targets are proposed.
Hypertension is a major risk factor for cerebral, cardiovascular, and renal disease, and its prevalence and devastating consequences raises a need for new strategies for its early diagnosis and treatment. We show here that lack of a Cyp2c44 epoxygenase causes dietary salt-sensitive hypertension, a common form of the human disease. Cyp2c44(؊/؊) mice on normal salt diets are normotensive but become hypertensive when fed high salt. Hypertensive Cyp2c44(؊/؊) mice show a hyperactive kidney epithelial sodium channel (ENaC) and reductions in ERK1/2 and ENaC subunit phosphorylation. The demonstration that amiloride, an ENaC inhibitor, lowers the blood pressure of hypertensive Cyp2c44(؊/؊) mice identifies a role for the channel in the hypertensive phenotype of the animals. These studies: (a) identify an antihypertensive role for the kidney Cyp2c44 epoxygenase and for its epoxyeicosatrienoic acid (EET) metabolites in the in vivo control of ENaC activity and the activation of mitogenic kinase pathways; (b) provide evidence for a Cyp2c44 epoxygenase, EET-mediated mechanism of ENaC regulation involving an ERK1/2-catalyzed threonine phosphorylation of the channel ␥ subunit: and (c) characterize a common scientific platform that could explain the seemingly unrelated biological activities attributed to the epoxygenase metabolites in cell proliferation, angiogenesis, channel activity, and blood pressure control. It is expected that these results will serve as a basis for the development of novel strategies for the early diagnosis and treatment of hypertension and of pathophysiologies associated with dysfunctional mitogenic signaling.
Prevalence, complexity, and multiple negative medical consequences make hypertension a major health challenge, and it is widely accepted that timely diagnosis and early clinical intervention reduces its cardiovascular, cerebral, and renal complications (1, 2) . However, despite intensive research, the molecular basis of prevalent forms of hypertension remain uncertain, its early diagnosis remains difficult, and its treatment remains largely symptomatic. It is expected that the identification of novel pathways/genes involved in blood pressure (BP) 2 variations (3, 4) , will lead to new therapeutic targets and to improved diagnosis and prevention and thus help ameliorate the dangerous consequences of untreated chronic hypertension. Inasmuch as impairments in renal sodium transport are a feature of the most common forms of hypertension, the kidney is a target for many of the currently available antihypertensive approaches.
The kidney epithelial sodium channel (ENaC) plays important roles in the hormonal regulation of sodium reabsorption in the distal nephron and in the fine-tuning of plasma sodium levels (3) (4) (5) (6) (7) . ENaC is composed of three subunits: ␣, ␤, and ␤ (ENaC␣, ENaC␤, and ENaC␥, respectively) (8) , that mediate inward sodium transport in the apical surface of the collecting duct (CD) principal cells (7) (8) (9) . The physiological importance of ENaC is illustrated by diseases in which gain or loss of function mutations in the channel are associated with hypertensive or hypotensive phenotypes, respectively (3, 10 -12) . Thus, Liddle syndrome, a form of severe salt-sensitive hypertension, is caused by gain of function mutations/truncations in the channel ␤ or ␥ subunits (3, 10, 11) , whereas loss of function mutations are associated with the hypotensive phenotype of pseudohypoaldosteronism type 1 (3, 10, 12) . ENaC gating is regulated by hormones such as aldosterone, insulin, and EGF (13) (14) (15) (16) . EGF inhibits ENaC (15, 16) by mechanisms that involve an ERK1/2-catalyzed threonine phosphorylation of ENaC␤ and ENaC␥ (17, 18) . Furthermore, in cultured mouse CD cells, 14,15-EET inhibits amiloride-sensitive sodium transport by stimulating the ERK1/2-catalyzed phosphorylation of ENaC␥ (19) .
The cytochrome P450 CYP2C (family 2, subfamily C) enzymes, expressed in human and rodent kidneys (20 -22) , catalyze the epoxidation of arachidonic acid (AA) to 5,6-, 8,9-, 11,12-, and/or 14,15-EET (20) . The presence of EETs in human and rodent organs, plasma, and urine (20, 21) and the functional roles attributed to these metabolites are well documented (20 -22) . Measurements of sodium currents in dissected rat and mouse CDs characterized 11,12-EET as a selective inhibitor of ENaC activity (23, 24) and suggested roles for the CYP2C epoxygenases and EETs in distal sodium transport and BP control (21) . However, despite extensive research, the proposal that a salt-inducible renal CYP2C epoxygenase protects against hypertension continues to be based on circumstantial evidence, and therefore, the identity and roles of the relevant epoxygenase isoform(s) in BP control remain uncertain and, at times, controversial. We report here that lack of a functional Cyp2c44 epoxygenase causes dietary salt-sensitive hypertension that is associated with increases in ENaC gating and reductions in ERK1/2 activation and in the inhibitory phosphorylation of the channel ␥ subunit.
EXPERIMENTAL PROCEDURES
Animal protocols were approved by the Vanderbilt University Institutional Animal Care and Use Committee. The development and genotype characterization of Cyp2c44(Ϫ/Ϫ) mice is published (25) . Male WT and Cyp2c44(Ϫ/Ϫ) (KO) mice (12-20 weeks old) in isogenic 129SvE backgrounds were used in these studies. The animals were allowed free access to water and commercial diets containing normal (NS), or high salt (HS) (0.3 and 8% (w/w) NaCl, respectively). Free fluid volume measurements were done first at 10 a.m. and then at 3 p.m. in groups of age-matched male WT and KO mice (Ն5) in a Bruker Minispec mg10 nuclear magnetic resonance instrument (Bruker Biospin).
Blood Pressure Measurements-The systolic BPs of conscious 12-20-week-old mice (Ն15 animals/group) were measured between 9 and 11 a.m. by means of a Micro-Renthane tapered catheter (300 -500-m outer diameter) inserted into the right carotid artery as described (26) and connected to a remote pressure sensor. 1-2 days after surgery, the animals were allowed to become familiar with the environment, and their BP was monitored for at least 40 min at an ambient temperature of 23°C. Pressure data are averages Ϯ S.E. calculated from Ն20 measurements/animal. Amiloride was administered in drinking water (2 mg/ml) to mice that were fed HS diets for 4 weeks. After 6 days on amiloride, systolic BPs were determined by remote telemetry by means of indwelling catheters as described (27) . For the next 24 h, BPs were monitored hourly for 5 min.
Urine Analyses and Quantification of Epoxygenase Metabolites-Daily collections of urine were done between 4 p.m. and 10 a.m. in groups of age-matched WT and KO mice. Urinary sodium and potassium concentrations were measured by flame photometry. Urine creatinines were quantified by published HPLC methods (28) . For analyses of epoxygenase products (EETs ϩ DHETs), overnight urine samples were collected from groups of 3-5 adult mice in flasks containing triphenylphosphine (2-3 mg each) (29 . Quantifications were done using isotope ratios as described (29) .
Electrophysiology Studies-Cortical CDs, were microdissected from the kidneys of mice fed for 3 days diets containing 0.4 and 1.18% sodium and potassium, respectively (23, 24) . These diets increased ENaC density with minimal effects on kidney Cyp2c44 expression (24) . Dissected CDs were placed on an inverted microscope, superfused with Hepes-buffered NaCl (23) , and cut open to expose the apical membrane. Sodium currents were recorded and digitized as described (23) . Channel activity, defined as NPo, was calculated from data samples of 60 s during steady state according to: Npo ϭ ⌺(t 1 ϩ 2t 2 ϩ . . . it i ) (23) where t I is the fractional open time spent at each observed current level. Channel conductance was calculated from currents recorded with at least three holding potentials.
Western Blot Analyses-Whole kidneys from WT or KO mice fed 4 -5 weeks with NS or HS solid diets were homogenized (4°C) in 0.1 M potassium phosphate buffer (pH 7.4) containing 0.25 M sucrose, 10 mM Na 4 P 2 O 7 , 10 mM Na 3 VO 4 , and 1/100 volumes of protease and phosphatase 2 and 3 inhibitor cocktails (Sigma) in an T8-Ultra-Turrax (IKA, Staufen, Germany) homogenizer. After sonication (six pulses, power 4) (Ultrasonic Homogenizer 4710; Cole Parmer Instruments), the homogenates were centrifuged for 15 min at 5,000 and 10,000 ϫ g. Membrane fractions were collected from 10,000 ϫ g supernatants by a 60-min centrifugation at 100,000 ϫ g, suspended in fresh homogenization buffer, and used within the next 4 h. Western blot analyses of kidney homogenates or membranes were performed by standard electrophoretic/blotting techniques using the following rabbit peptide antibodies: anti-Cyp2c44 from GenScript; anti-phospho-ERK1/2 (Tyr-202/204), anti-phosphothreonine from Cell Signaling Technologies; anti-ERK1/2 and anti-ENaC␥ from Santa Cruz Biotechnology; and anti-␤-actin from Sigma. Control experiments showed that only lot 16 of the anti-phosphothreonine antibod-ies purchased from Cell Signaling Technologies recognized protein(s) with the electrophoretic mobility reported for the native channel ␥ subunit (75-80 kDa) (30) and immunoreactive toward anti-ENaC␥ antibodies. Immunoreactive proteins were detected with an Immobilon Western chemiluminescent HRP substrate kit (Millipore) and quantified by x-ray silver grain densitometry.
Immunofluorescence Imaging-Paraffin sections (5 each) from the kidneys of WT and KO mice were perfused in situ with 40 mM sodium phosphate buffer (pH 7.4) containing 4% formaldehyde, 0.1 M NaCl, 50 mM NaF, 0.5 mM Na 3 VO 3 , 30 mM Na 4 P 2 O 7 , and 0.1% HOAc; fixed in paraffin; and exposed to white light for 48 -72 h to reduced autofluorescence. After paraffin removal, hydration, and microwave antigen retrieval in 1ϫ Citra Buffer (BioGenex), the sections were blocked in 10% goat serum; incubated with biotinylated Dolichos biflorus agglutinin (DB) (Vector Labs), a CD marker (31) , rabbit anti-phosphothreonine antibodies (Cell Signaling Technologies, lot 16); and then exposed to fluorescein isothiocyanate-conjugated streptavidin (GE Healthcare) and rhodamine-conjugated goat antirabbit IgGs (Jackson ImmunoResearch Laboratories).
Statistical Analysis-The data sets from paired/unpaired groups were analyzed for statistical significance using a twotailed Student's t test (Excel). Error bars represent S.E. p values of Յ0.05 were considered statistically significant.
RESULTS
The murine Cyp2c44 epoxygenase and its rat homologue, CYP2C23 (polypeptides 23 and 44), share 88% amino acid sequence identity (20, 32) and metabolize AA to predominantly 11,12-and 14,15-EET (20, 32) . Roles for these enzymes in BP regulation were indicated by the demonstration that their kidney expression was dietary salt-sensitive (21, 26, 33) and that hypertensive salt-sensitive Dahl rats showed reduced renal CYP2C23 epoxygenase expression and EET biosynthesis (33) . However, the complexity of the Dahl rat salt-sensitive genotype precluded unequivocal evaluations of roles for the CYP2C23 gene in salt-sensitive hypertension (33) . Therefore, to define the role of the Cyp2c epoxygenases in BP regulation, mice carrying a disrupted Cyp2c44(Ϫ/Ϫ) gene were generated from an ES cell line (Ommibank clone OST85045) (Lexicon Genetics Inc.) and characterized as reported (25) . The KO mice developed normally and lacked outward symptoms of disease or organ malformation. Light microscopy of paraffin sections and measurements of plasma creatinine (28) showed that disruption of the Cyp2c44 gene had no obvious effects on kidney morphology or gross function (plasma creatinine of 57 Ϯ 5 and 53 Ϯ 2 and of 58 Ϯ 3 and 56 Ϯ 4 g/dl for WT and KO mice fed NS or HS diets, respectively; n Ն 10 animals). Furthermore, only small differences in creatinine excretion were observed between KO mice on NS or HS diets (23 Ϯ 1 and 27 Ϯ 1 mg/18 h urine collections for KO on NS and HS diets, respectively; p ϭ 0.04; n Ն 31).
The Cyp2c44 Epoxygenase and the Pressure Responses to Increased Dietary Salt Intake-Roles for the Cyp2c44 epoxygenase in the regulation of systemic BPs were identified after feeding NS or HS diets to WT and KO mice. As shown in Fig. 1A , small but significant differences were observed in the systolic BP of WT and KO mice on NS (120 Ϯ 3 and 124 Ϯ 3 mm Hg, for WT and KO, respectively). After 4 weeks on HS diets, WT mice showed small increases in systolic BP (to 134 Ϯ 2 mm Hg) (Fig.  1A) , whereas under similar conditions, the KO animals became severely hypertensive (168 Ϯ 4 mm Hg) (Fig. 1A) . Quantifications of total urinary epoxygenase metabolites (EETs ϩ DHETs) showed that HS increased their levels in WT mice (from 0.78 Ϯ 0.17 to 2.38 Ϯ 0.33 ng/mg of creatinine) (Fig. 1B) , and the animals remained normotensive (Fig. 1A) , whereas in contrast, KO mice were unable to do so and became hypertensive ( Fig. 1, A and B) . As seen in Fig. 1B , KO mice on HS diets show basal levels of urinary epoxygenase metabolites similar to those of WT and KO mice on NS, suggesting that they are likely generated by non-salt-sensitive kidney epoxygenases such as Cyp2c29 and/or Cyp2c38 (34) . Analyses of the combine regioisomeric composition of the EETs ϩ DHETs present in urine, as estimates of renal 11,12-and 14,15-epoxygenase activities, indicated that: (a) regardless of dietary salt intake or Cyp2c44 genotype, the major urinary metabolites result from epoxidation at the AA 14,15-olefin and, to a lesser extent, 11,12-epoxygenation (Table 1) ; (b) the levels and the isomeric composition of the EET ϩ DHTs present in the urines of WT and KO mice on NS were similar (Table 1) ; (c) feeding HS diets to WT mice increases by approximately 3-fold the urine concentrations of 11,12-and 14,15-epoxygenase derived metabolites, but it does not significantly alter their isomeric composition (Table 1) ; (d) compared with WT animals on HS, KO mice fed HS show 5.6-and 2.1-fold lower urinary levels of the Cyp2c44 derived 11,12-and 14,15-epoxygenase products, respectively (Table 1) ; and (e) only low levels of 8,9-epoxygenase metabolites are present in urines from WT and KO mice, and their concentrations are not significantly altered by changes in salt intake and/or Cyp2c44 gene disruption (not shown).
In summary, the above studies show that failure to up-regulate the Cyp2c44 epoxygenase (in particular, 11,12-EET biosynthesis) in response to increases in salt intake ( Fig. 1B and Table  1 ) raises BP and causes hypertension (Fig. 1A) . Similar salt effects have been reported for Dahl rats in which only saltresistant animals induce renal EET biosynthesis during salt loading and remain normotensive (33) . Taken together, these FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 studies: (a) show that the Cyp2c44 epoxygenase mediates dietary HS-induced increases in renal EET biosynthesis; (b) demonstrate that a dysfunctional Cyp2c44 gene causes salt-sensitive increases in systemic BP; and (c) identify the Cyp2c44 epoxygenase as a dietary salt-sensitive antihypertensive enzyme and point to roles for its EET metabolites in systemic BP control (21, 35) . Of interest, the pressure responses of KO mice to dietary salt are similar to those seen in a mouse model of Liddle syndrome with a hyperactive ENaC because of a deletion in the C terminus of ENaC␤ (6) .
Blood Pressure Regulation by Epoxygenase Metabolites (EETs)
The weights of KO mice fed NS were lower than those of comparable WT animals on NS or HS diets (Table 2) , and although a HS diet had nonsignificant effects on the weight of WT mice, it increased that of KO mice by 5% (Table 2) . Nuclear magnetic resonance measurements showed that free fluid volumes in KO mice fed HS were higher than those of matched WT controls (1.3 Ϯ 0.1 and 1.1 Ϯ 0.1, as a percentage of body weight, respectively) (WT versus KO, p Յ 0.03; n ϭ 5). These effects of HS on body weight and free fluid volume suggested that fluid retention may be a component of salt-sensitive hypertensive phenotype of KO mice. Measurements of urine volumes collected during 18-h periods showed significant volume differences between WT and KO mice only when the animals were fed HS (Table 2) . Spot urine analyses revealed Cyp2c44 genotype-determined significant differences in the concentrations of: (a) potassium in mice fed NS or HS diets (Table 2 ) and (b) sodium in animals fed a HS diets (Table 2) . However, these Cyp2c44 genotype-determined differences in urinary sodium and potassium concentrations (Table 2) were minimized when their total excretion levels were calculated for 18-h collection periods. The observation that WT and KO mice on a HS diet excrete similar amounts of sodium is similar to what has been reported for Dahl S and R rats on HS mice (36) or during severe hypervolaemia (37) , as well as for subsets of human hypertension (38) . Finally, analyses of plasma sodium and potassium concentrations showed that, regardless of dietary salt intake, sodium levels were similar for WT and KO mice (Table 3) , whereas those of potassium were lower in HS fed mice, regardless of genotype (Table 3) .
The Salt-sensitive Hypertensive Phenotype of Cyp2c44 KO Mice Is Associated with a Dysfunctional ENaC-Electrophysiology studies in freshly dissected cortical CDs showed that, compared with WT, KO mice have increased ENaC-mediated inward sodium currents and an hyperactive channel (Fig. 2, A  and B) , a phenotype similar to that seen in Liddle syndrome patients (3, 10, 11) . Moreover, although AA, the Cyp2c44 epoxygenase substrate, inhibited ENaC gating in the CDs of WT animals, it had no significant effects on those from KO mice lacking the epoxygenase (Fig. 2, A and B) . Roles for the Cyp2c44 epoxygenase in ENaC regulation were demonstrated by the observation that exogenously added 11,12-EET inhibited ENaC gating in CDs of KO mice and thus reversed the KO phenotype (Fig. 2B) . These results are summarized in Body weights, volumes of urine collected between 4:00 p.m. and 10:00 a.m., and spot urine sodium and potassium concentrations were measured from groups of WT and Cyp2c44(Ϫ/Ϫ) (KO) mice fed NS or HS diets for 4 -5 weeks. Shown are averages Ϯ S.E., calculated from measurements done on groups of Ն35 (body weight), Ն20 (urine volume), and Ն60 (sodium and potassium concentrations) WT and KO mice on NS or HS diets. Significant differences are indicated in the footnotes; no additional significant differences between the two genotypes were detected in body weights, urine volumes, and sodium or potassium concentrations (p Ͼ 0.05). probabilities). Overall, these studies identify the Cyp2c44 epoxygenase and 11,12-EET as regulators of ENaC activity and distal sodium reabsorption, and provide a functional link between a hyperactive ENaC and the hypertensive phenotype of salt-loaded KO mice. In summary, disruption of the Cyp2c44 gene results in a CD epoxygenase functional knock-out, which recapitulates many of the functional properties attributed to these enzymes and their products (20 -22) .
Mice/diet

Amiloride Lowers the Blood Pressures of Hypertensive Cyp2c44 KO Mice-Amiloride inhibits ENaC gating and promotes sodium excretion and potassium sparing (8).
To determine the contribution of ENaC dysfunction to the hypertensive phenotype of KO mice, the BPs of WT and KO animals on HS salt diets were monitored by remote telemetry before and after the daily administration of amiloride. After 6 days on amiloride, the BPs of hypertensive KO mice were reduced to levels comparable to those of untreated WT mice (from 191 Ϯ 4 to 154 Ϯ 6 mm of Hg, for untreated and amiloride-treated KO mice, respectively (Fig. 3) . Amiloride also lowered the BPs of salt-loaded WT mice (from 148 Ϯ 8 to 127 Ϯ 11 mm of Hg for untreated and amiloride treats WT mice, respectively), and although its effects were variable and not statistically significant (p Ͼ 0.05) (Fig. 3) , they are likely associated with known effects of amiloride in basal, nonstimulated, ENaC activity (26, 35) and its attendant effects in sodium excretion, and/or indirect, compensatory, effects on non-ENaC kidney epithelial channels/ transporters known to participate in sodium excretion. However, the strong pressure lowering effects of amiloride on Cyp2c44 KO mice fed HS diets corroborates the role played by ENaC in their salt-sensitive phenotype. Taken together, these results identify roles for: (a) ENaC dysfunction as a major component of the hypertensive phenotype of KO mice and (b) the Cyp2c44 epoxygenase and the EETs in the in vivo regulation of ENaC gating and distal sodium excretion (39) . Of note, although the pressure differentials between salt-loaded WT and KO mice were similar (35-40 mm Hg) whether measured by ambulatory catheters (Fig. 1A) or remote telemetry methods (Fig. 3) , telemetry yielded consistently higher pressure values for both animals, perhaps reflecting the fact that telemetry data were calculated from hourly measurements performed during 24-h cycles, including night time.
Mechanisms of EET-mediated Regulation of ENaC Gating-
The inhibition of ENaC by EGF was shown to involve an ERK1/ 2-catalyzed phosphorylation of threonine targets in the channel ␤ and ␥ subunits (17) . Studies in cultured mouse CD cells showed that: (a) 11,12-and 14,15-EET inhibit ENaC gating (40) and (b) 14,15-EET inhibited transcellular amiloride-sensitive sodium transport by an ERK1/2-catalyzed threonine phosphorylation of ENaC␤ and ENaC␥ (19) . Studies in freshly dissected CDs identified 14,15-EET as a less effective ENaC inhibitor than 11,12-EET (23, 24) , suggesting that cultured CDs cells (19, 40) are either intrinsically less EET regioselective or metabolize/inactivate 14,15-EET at substantially lower rates than dissected CDs (20, 22) . Importantly, the demonstration that cetuximab, an inhibitor of EGF receptor binding and signaling, causes hypertension in mice and reduces ENaC␥ threonine phosphorylation (19) lends support to a proposal that the EGFmediated ERK1/2-catalyzed phosphorylation of ENaC subunits plays an in vivo role in the control of the channel activity and BP (19) . Based on these and published studies (15-19, 41, 42) , it was hypothesized that: (a) EGF and Cyp2c44 epoxygenase-derived EETs regulated ENaC activity by common, ERK1/2-mediated mechanisms and (b) impairments in ERK1/2 activation and ENaC phosphorylation contribute to the hypertensive phenotype of Cyp2c44 KO mice.
To explore the in vivo roles played by the Cyp2c44 epoxygenase in ERK1/2 activation, we probed Western blots of kidney homogenates from WT and KO mice fed NS or HS diets with anti-ERK1/2 and anti-phospho-ERK1/2 antibodies. As shown in Fig. 4 (A and D) , the kidneys of WT and KO mice on NS (27) . Shown are average values Ϯ S.E. obtained after 5 days of a daily administration of a 2 mg/ml amiloride solution as drinking water. *, significantly different from amiloride-treated KO mice (p Ͻ 0.01). The differences between WT mice on amiloride or water or between the WT and KO animals on amiloride were not significant (p Ͼ 0.05). FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 contained similar levels of phosphorylated ERK1/2. Feeding a HS diet increases ERK1/2 activation in the kidneys of WT mice, but it fails to do so in KO animals (Fig. 4, A and D) . To determine whether Cyp2c44 genotype differences in ERK1/2 activation led to changes in the levels of anti-phosphothreonine and anti-ENaC␥ immunoreactive proteins with the electrophoretic mobility of native ENaC␥ (30) , membranes from the kidneys of WT and KO mice fed NS or HS were analyzed by Western blot using anti-ENaC␥ and anti-phosphothreonine antibodies (see "Experimental Procedures" for details), and sample loadings were adjusted to yield similar levels of anti-ENaC␥ immunoreactive proteins. As seen in Fig. 4 (B and C) , the kidneys of WT and KO mice on NS showed similar levels of anti-phosphothreonine immunoreactive proteins (Fig. 4, B and C) . In contrast, compared with salt-loaded normotensive WT mice, hypertensive KO mice fed HS showed lower amounts of antiphosphothreonine immunoreactive proteins (Fig. 4C) , even when electrophoresed in the presence of slightly higher levels of anti-ENaC␥ immunoreactive proteins as seen in Fig. 4B . Quantifications of Western blot data by densitometry showed that, when normalized based on the samples contents of anti-ENaC␥ immunoreactive proteins, the kidney levels of anti-phosphothreonine immunoreactive proteins with mobilities similar to native ENaC␥ (30) are similar for normotensive WT and KO mice on NS and that although a HS diet increases them in normotensive WT mice, it fails to do so in hypertensive KO mice (Fig. 4E) .
Blood Pressure Regulation by Epoxygenase Metabolites (EETs)
ENaC is expressed along aldosterone-sensitive segments of the distal nephron and, in particular, in cortical and medullary CDs where ENaC-mediated sodium reabsorption predominates (3, 7, 13) . To determine whether the CD was a target of HS-induced, Cyp2c44 genotype-dependent changes in ENaC␥ threonine phosphorylation (Fig. 4, C and E) , paraffin-fixed sections from the kidneys of WT and KO mice fed either NS or HS diets were exposed sequentially to biotinylated DB, a CD marker (31), rabbit anti-phosphothreonine antibodies, fluorescein isothiocyanate-conjugated streptavidin, and rhodamineconjugated goat anti-rabbit IgGs, as described under "Experimental Procedures." Fluorescence microscopy of the stained sections showed the presence and co-localization in the kidneys of WT mice on NS or HS and of KO mice on NS of green and red emissions originating from the CD marker and the anti-phosphothreonine immunoreactive proteins, respectively (Fig. 5, A  and top panels in B, and Fig. 6 ). In contrast, images of kidneys from hypertensive salt-loaded KO mice revealed, in agreement with the Western blot data (Fig. 4, C and E) , marked reductions in the overall abundance of anti-phosphothreonine immunoreactive proteins in their CDs, whether the sections were analyzed at high (Fig. 5B, bottom row) or medium magnification (Fig. 6) . Furthermore, the kidneys of normotensive WT and KO mice fed NS diets show more or less similar levels of anti-phosphothreonine reactive material in their CDs (Figs. 5 and 6 ). As mentioned, the anti-phosphothreonine antibodies used in these experiments recognized protein(s) immunoreactive toward ENaC␥ antibodies (Fig. 4, B and C) . Control experiments showed that preincubation of the anti-phosphothreonine antibodies with a synthetic threonine-phosphorylated peptide coding for the target threonine and flanking residues in ENaC␥ (PEAPVPG-(T-p)-PPPRYN (17, 30) blunted, selectively, the red fluorescence emissions associated with immuno- reactive material in biotinylated Dolichos biflorus agglutinin (DB)-positive segments of the nephron (Fig. 5C) .
Finally, notwithstanding lack of physical evidence to corroborate the ENaC␥ nature of the anti-ENaC␥ immunoreactive materials mentioned above, the Western blot and immunofluorescence data in Figs. 4 -6, as well as published studies (19) , support a role for the MEK/ERK1/2 pathway as the catalyst of the EGF/Cyp2c44 epoxygenase mediated inhibitory phosphorylation of ENaC␥ and point to roles for the Cyp2c44 epoxygenase in: (a) controlling the effects of dietary HS intake on kidney ERK1/2 phosphorylation and (b) the inhibitory, ERK1/2-mediated phosphorylation of ENaC␥. Finally, poor signal to noise ratios precluded meaningful analyses of dietary salt and/or Cyp2c44 genotype on ENaC␤ phosphorylation with commercially available anti-ENaC␤ antibodies.
DISCUSSION
Salt-sensitive hypertension, a common form of the disease in the Western world, is associated with alterations in renal sodium transport leading to sodium retention and compensatory increases in extracellular fluid volume. The CD participates in the fine tuning of plasma sodium levels, and sodium reabsorption by ENaC is a rate-limiting step in this important function (3, 7) . The report that luminal EETs inhibited sodium reabsorption in perfused rabbit CDs was the first indication of roles for these lipids in distal sodium transport (39) . Subsequently, the demonstration that: (a) the kidney expression of rat CYP2C23 and mouse Cyp2c44 epoxygenases was salt-sensitive (21, 26, 33) , (b) epoxygenase inhibition caused salt-sensitive hypertension (21, 33) , and (c) hypertensive Dahl salt-sensitive rats show reduced kidney epoxygenase activity (21, 33) suggested antihypertensive roles for these enzymes and their metabolites (21) . Evidence that: (a) 11,12-EET, but not 11,12-DHET, inhibited ENaC gating in dissected CDs (23, 24, 26, 35) ; (b) 11,12-and 14,15-EET inhibited ENaC gating in cultured CD cells (40); (c) BP was associated with renal Cyp2c44 expression (26) ; and (d) during high potassium intake the Cyp2c44 epoxygenase suppressed sodium reabsorption in the aldosteronesensitive nephron (35) , lent further support to proposals of roles for the CYP2C epoxygenases in the biosynthesis of antihypertensive EETs. The present characterization of salt-loaded KO mice as hypertensive provides now unequivocal evidence that the Cyp2c44 epoxygenase plays a key physiological role in the control of distal sodium excretion and systemic BP and that alterations in its activity and/or expression causes dietary saltsensitive hypertension. Moreover, the demonstration that: (a) Cyp2c44 KO mice show a constitutively hyperactive ENaC that is inactivated by 11,12-EET but not its precursor AA and (b) that amiloride normalizes the BP of salt-loaded Cyp2c44 KO mice points to roles for the epoxygenase and its EET metabolites as endogenous regulators of ENaC gating and natriuretic agents. In summary, the hypertensive phenotype of Cyp2c44 KO mice is reminiscent of a component of what is seen in patients of Liddle syndrome with a hyperactive kidney CD ENaC (3, 10, 11) .
Multiple mechanisms are known to participate in the regulation of ENaC activity, including limited proteolysis (30, 43, 44) , hormonal mediated effects on translocation and membrane assembly (9, 13, 45, 46) , a serum and glucocorticoid-regulated kinase (SGK-1)-mediated phosphorylation of Nedd4 -2 leading to reduced ubiquitination, retrieval and degradation (17, 18, 47, 48) , as well as negative and positive hormonal effects mediated by protein kinases including ERK1/2, protein kinases A and C, and phosphatidylinositol 3-kinase, among others (14 -19, 47-49) . Added to the above is the present identification of the Cyp2c44 epoxygenase and its EET metabolites as a new class of in vivo regulators of ENaC activity.
The involvement of an ERK1/2-catalyzed threonine phosphorylation of the ENaC ␤ and ␥ subunits in the inhibition of amiloride-sensitive sodium transport by 14,15-EET is pub- (Fig. 5B, bottom panel) ; and the co-localization green and red emissions only in kidney sections from WT and KO animals on NS and WT mice on HS (Fig. 5A, and Fig. 5B top frame) . The white arrows in B point to DB positive CDs and to the presence of anti-phosphothreonine positive CDs in sections from HS WT mice and their absence in sections from hypertensive HS KO animals. C, samples of anti-phosphothreonine IgGs (0.3 g of protein each) were incubated with a synthetic ENaC ␥ peptide (30 g) containing the reported phosphorylated threonine (17, 18) and flanking residues (see "Experimental Procedures" for details). After 5 h at 4°C, paraffin-embedded kidney sections from WT mice on NS were exposed first to DB and then to the anti-phosphothreonine antibodies incubated with the ENaC␥ threoninephosphorylated peptide, and the immunofluorescence analyses were continued as above. Shown are 200ϫ microscope images of green (DB), red (p-Thr), and overlay fluorescence (DB ϩ p-Thr) (left, center, and right panels, respectively) emissions and showing a lack of red fluorescence emissions in DBpositive (green) CDs and its presence in non-CD tubular segments. White arrows point to DB positive and anti-phosphothreonine negative tubular segments. FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 lished (19), as is the demonstration that cetuximab, an inhibitor of EGF receptor binding and signaling, reduces the kidney levels of anti-ENaC␥ and anti-phosphothreonine immunoreactive proteins and raises the BP of salt-loaded mice (19) . The physiological significance of the above studies was substantiated by the demonstration that, cetuximab-treated salt-loaded hypertensive mice show reductions in ERK1/2 phosphorylation and in the levels of anti-phosphothreonine immunoreactive proteins in their CDs (19) , suggesting reductions in inhibitory ENaC␥ threonine phosphorylation. Importantly, a mechanistic commonality between the inhibitory effects of EGF and EETs on ENaC is indicated by the fact that inhibition of EGF receptor signaling (19) or disruption of the renal Cyp2c44 epoxygenase leads to comparable effects on ENaC activity and systemic BP. Based on these and published studies (19, 21, 23, 26) , as well as similarities between EETs and EGF as inhibitors of ENaC activity and activators of mitogenic kinase pathways (15-21, 41, 42) , we propose that: (a) EGF and Cyp2c44 epoxygenase-derived EETs regulate ENaC activity by common ERK1/2-mediated mechanisms and (b) impairments in Cyp2c44-mediated ERK1/2 activation and reduced ENaC phosphorylation contribute to the hypertensive phenotype of Cyp2c44 KO mice. The above mechanism is consistent with the known roles of EETs on ERK1/2 phosphorylation and EGF signaling (41, 42) . In summary, these and other studies (15) (16) (17) (18) (19) have characterized functional roles for MEK/ERK members of mitogen-activated kinase signaling cascades in renal sodium transport that appear distinct and independent of their more traditional roles on cell proliferation. Finally, the proposal of roles for the Cyp2c44 epoxygenase in the in vivo regulation of mitogenic growth factor-ERK1/2-mediated signaling provides a common experimental platform that could explain the roles reported for the enzyme and EETs in channel activity, cell proliferation, angiogenesis, tumorigenesis, and vasodilation (21, 25, 41, 42) . Current efforts are directed toward the characterization of the: (a) organ generality of the Cyp2c44 genotype and EETs effects on ERK1/2 activation and (b) mechanism(s) of ERK1/2 activation by EETs.
Blood Pressure Regulation by Epoxygenase Metabolites (EETs)
Based on the results discussed, we would like to extend our previous proposal of the means by which the EETs regulate BP in mice (26) to include effects on the EGF/ERK1/2-mediated inhibition of ENaC. Thus, under conditions of balanced salt intake and excretion, locally generated EETs participate in steady state, nonstimulated ENaC gating and sodium reabsorption. Dietary increases in sodium intake cause compensatory changes in extra cellular fluid volume and rapid and delayed epoxygenase-mediated responses (Fig. 7) . The rapid phase involves EGF-stimulated phospholipase-dependent AA release (41, 42) and Cyp2c44 epoxygenase metabolism to EETs (Fig. 7) . The delayed phase requires up-regulated Cyp2c44 epoxygenase expression and increases in EET-synthase activity (Fig. 7) . Augmented EET levels activate MEK/ERK1/2 kinases resulting in: (a) phosphorylation of ENaC␤ and ENaC␥, (b) channel inactivation and reductions in inward sodium transport, and (c) increases in urine sodium and volume excretion (Fig. 7) . Reductions in Cyp2c44 epoxygenase expression or activity increase ENaC-dependent sodium reabsorption and, to maintain plasma sodium levels within physiologically compatible levels, cause attendant changes in extracellular fluid/plasma volume leading to increased systemic BP (Fig. 7) and, ultimately, hypertension. Potential direct effects of salt intake or attendant effects on plasma/extracellular fluid volume on EGF signaling or Cyp2c44 expression and/or activity remain to be characterized, as are mechanisms of MEK/ERK1/2 kinase activation by EETs.
With few exceptions, the molecular basis of the most prevalent forms of human hypertension are yet to be established, and thus, the diagnosis and treatment of this devastating disease remains challenging. This situation arises from the inherent complexity of a disease in which multiple environmental and genetic factors, as well as co-existing conditions, contribute to its multifaceted etiology. The recognition of altered tubular transport in hypertensive Cyp2c44 KO mice offers new approaches for the understanding of mechanism(s) by which the kidney regulates sodium excretion and blood pressure. Furthermore, the data presented: (a) provide an experimental foundation for future studies of the functional roles of the CYP2C8 and CYP2C9 epoxygenases in human hypertension and (b) suggest that maneuvers designed to up-regulate kidney CYP2C epoxygenase expression and/or efforts to develop stable EET functional analogs (26, 50) could serve as a basis for the development of novel antihypertensive therapies. In summary, it is expected that these studies will stimulate efforts to develop novel CYP2C/EET-based, antihypertensive drugs and strategies for the early detection and diagnosis of hypertension.
Finally, the recognition of the roles played by the Cyp2c44 epoxygenase in the regulation of ENaC activity, as well as the rapid nature of the inhibitory response elicited by its EET metabolites, introduces a new mechanistic paradigm to account for the regulation of this channel and suggests that genetically determined and/or environmentally induced alterations in the expression and/or activities of the human functional homologues of Cyp2c44 (CYP2C8 and/or CYP2C9) (51) could play a role in the pathophysiology of human hypertension. This is of relevance because several drugs in current clinical use are metabolized by human CYP2C8 and/or CYP2C9 (51) with yet undetermined effects on the regulation and/or epoxygenase activity of these enzymes. It is therefore of importance that the current methods for drug evaluation take into consideration the potential physiological and/or pathophysiological consequences of interfering with the activity and/or expression of P450s involved in endogenous metabolic pathways. This and other published studies (21, 25, 50) should influence current views of the roles played by the P450 enzyme system from that of vehicles for drug disposition and/or activation to that of active participants in the biosynthesis of physiologically important mediators of cell and organ function.
